The growth rate of Dunaliella salina was optimal in the presence of 2.5 to 5 % (w/v) NaCl and growth continued up to 30% NaC1. The carotene to chlorophyll ratio gradually increased from about 1-1 at 2.5% NaCl to 7.7 at 30% NaCl and the chloroplast showed some degeneration; however, with 30% NaCl, intact thylakoids were still recognized. The total lipid content of the cells decreased with increasing salinity but the major lipid classes in all extracts were monogalactosyldiacylglycerols, digalactosyldiacylglycerols, sulphoquinovosyldiacylglycerols and phosphatidylglycerols. Considerable proportions of diacylglycerotrimethylhomoserines were also present, whereas the proportions of phosphatidylcholines and phosphatidylethanolamines were relatively low. Increasing the salinity of the medium resulted in a large increase in the proportions of constituent linolenic acid (18 : 3) both in total lipids and in the galactolipids and of palmitoleic acid (16 : 1) in phosphatidylglycerols. The results are discussed in view of the probable relation of chloroplast lipids to photosynthetic activity, and the fact that the osmoregulator glycerol is produced via photosynthesis.
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Illumination was provided by cool-white ttuorescent lamps that delivered approximately 61 pE m-2 s-l (= 3500 Ix). Individual colonies were subcultured into liquid inorganic medium (without antibiotics), propagated under the conditions described and processed twice more in the same manner. The resulting pure cultures were used throughout the present study.
Growth measurement and pigment analysis. Cells grown for two successive generations at various salinities were collected by centrifugation and inoculated in 100 ml samples of medium containing the following NaCl concentrations (%): 2.5,5,10,15,20,25 and 30. Culture samples (5 ml) were withdrawn daily and the cells counted using a haemocytometer. Culture samples (10 ml) were harvested in the early stationary phase and used for pigment extraction and analysis. For cells incubated with 25% and 30% NaCl, 13 d cultures were harvested. After filtration, pigments were extracted with 90% (v/v) acetone in water (Hansmann, 1973) and their absorption spectra were recorded using a Beckman model 25 spectrophotometer. Individual pigments were identified by their characteristic absorption bands and their concentrations were calculated using appropriate equations (Parsons & Strickland, 1965) . Individual pigments were resolved by thin layer chromatography and the spots were identified by their characteristic colours with staining reagents and by their RF values (Stahl, 1967) . The activities of photosystems I1 and I, and NADP-photoreduction, were measured as described by Codd & Sallal (1978) .
Electron microscopy. Cells were fixed with 3% (v/v) glutaraldehyde in cacodylate buffer pH 7.5 for 90 min at room temperature. The osmolality of the fixative was adjusted with NaCl to equal that of the growth medium. After four washes with the same buffer, cells were embedded in 2% (w/v) agar. The agar block was divided into small cubes which were fixed with buffered 1 % (w/v) OsO, for 90 min at 5 "C. The cubes were dehydrated by passing them through an ascending series of acetone and were then embedded in Epon. Electron micrographs were recorded with an Opton electron microscope.
Lipid extraction and analysis. The total lipid of cells grown in the presence of different NaCl concentrations was extracted with boiling chloroform/methanol (2 : 1, v/v) under oxygen-free nitrogen and purified following established procedures (Folch et al., 1957) . Boiling was done in order to deactivate lipases during extraction (Kates, 1972; Radwan, 1984) . The composition of lipid classes was assessed by chromatography on thin layer plates of silica gel. Non-polar compounds were fractionated using the solvent hexane/diethyl ether/acetic acid (90 : 10 : 1, by vol.) (Mangold & Malins, 1960) . Ionic and other polar lipids were resolved by two-dimensional TLC using the solvent systems chloroform/methanol/7 M-ammonium hydroxide (65 :25 :4, by vol.) in the first direction and chloroform/methanol/acetic acid/water (170 : 25 : 25 : 2, by vol.) in the second direction (Nichols, 1964) . The lipid fractions were detected with iodine vapour or by charring after spraying the plates with 50% (v/v) H2S04. Individual classes were identified by comparing their chromatographic behaviour with that of authentic samples and by using specific spray reagents (Dittmer & Lester, 1964; Siakotos & Rouser, 1965; Vioque, 1984) . To confirm the identities of polar classes, their IR-spectra were recorded using a Perkin-Elmer 398 IR spectrophotometer, and were compared with the spectra of standard samples. Lipid classes resolved by twodimensional TLC were determined quantitatively by GLC analysis of their fatty acid moieties using heptadecanoic acid as an internal standard (Radwan, 1978) . Methanolysis of total lipids and individual lipid classes was achieved by heating at 90°C with 2% H2S04 in absolute methanol under nitrogen for 90 min (Chalvardjian, 1964) . The resulting methyl esters were extracted with hexane, purified by preparative TLC and resolved by GLC using a Pye-Unicam 204 gas chromatograph equipped with a glass column (1 4 3 m x 4 mm, i.d.) packed with 15% (w/w) DEGS on Anakrom D (100-120 mesh) operated isothermally at 170 "C with nitrogen as the carrier gas. Individual fatty acids were identified by comparing their retention times with those of standard samples as well as by using the 'equivalent chain length' method of Miwa et al. (1960) . Their identities were further confirmed by GLC using a non-polar OV-17 column. The identity of 16:4 was also confirmed by combined preparative TLC and GLC. The tetraenoic methyl esters were separated on silica gel G by quadruple development in the same direction with light petroleum b.p. 60 "C-80 "C/benzene (80 : 20, v/v) as solvent system (Kaufmann et al., 1966) and analysed by GLC. The quantitative determinations of pigments, photosynthetic activities, lipid classes and fatty acids were carried out on three separate batches of cells and the Student t test was used to evaluate differences in their values in the presence of various NaCl concentrations. A P value of ~0 . 0 5 was considered significant.
RESULTS

Ecological observations
The present isolate of D. salina occurred in its natural habitat both as large red, and small green cells, according to the season. In summer, which is hot and dry with an average maximum temperature of 55 "C, the salt marsh usually becomes composed of isolated pockets filled with salt-saturated water due to excessive evaporation, in which red algal forms predominate. In Growth and lipids of halostressed Dunaliella ?? (b) . . winter, with an average maximum temperature of 12 "C, and immediately following rainfall, the water level of the marsh frequently rises by up to about 50 cm; this dilutes the salt concentration to less than 5%. Under such conditions the algal cells turn green and become smaller. This alteration in cell size and colour as a result of changing the salinity of the medium was confirmed using pure cultures derived from single cells (see below). Fig. 1 shows growth curves of D. salina grown in the presence of various NaCl concentrations.
Growth and pigmentation
Growth rate was optimal at NaCl concentrations of 2.5 and 5 %. Growth was markedly inhibited by salt concentrations higher than 15%.
Two morphological observations were made. First, the mean cell dimensions in the early stationary phase increased from 9 x 5 pm in 2.5 % NaCl to 19 x 1 1 pm in 30% NaCI. Second, the cell colour remained green with an increase in NaCl concentration up to 20%; with higher NaCl concentrations the cells turned red. Fig. 1 also shows the absorption spectra of pigments extracted from cells grown under various degrees of halostress. In low concentrations of NaCl, chlorophyll, but not carotene, peaks were particularly pronounced. The carotene peak (480 nm) became clearly resolved in l0-15% NaCl and intensified with increasing salt concentration. The TLC analysis showed that the major pigments were p-carotene, and chlorophylls a and b. Small amounts of other pigments, viz. lutein, neoxanthin and zeaxanthin were also tentatively identified. Table 1 gives quantitative data for chlorophyll and carotene contents of cells in relation to the NaCl concentration of the growth medium. The increase in carotene content with increasing salinity was much more pronounced than that of chlorophylls, and the carotene to chlorophyll ratio increased from 1.1 in 2.5% to 7.7 in 30% NaCl. The results in Table 2 show that the activities (expressed per mg chlorophyll), of photosystems I1 and I, and NADP-photoreduction, were higher in 20% NaCl than in 2.5% NaC1. 
Electron microscopic observations
The electron micrographs in Fig. 2 show that with increasing salinity the cells became enriched with carotenoid globules that were concentrated at the cell periphery. The chloroplast showed some degeneration in response to halostress and the carotenoid globules increased in size. In 2.5% NaCl the lamellae appeared intact, compact and appressed to the plasma membrane. At higher salt concentrations the lamellae degenerated into smaller, less compact units dispersed in the cytoplasm. However, even in 30% NaCl intact thylakoids were still recognized.
Lipid composition
Due to the enormous amount of work needed for lipid analysis, this has been performed only on cells grown in the presence of 2-5 and 20% NaC1. The total lipid content of the cells decreased from 22.4% of the dry weight in 2.5% NaCl to 13.1% in 20% NaCl.
The non-polar lipid fractions, determined densitometrically after charring, accounted for 3 1 and 34% of the total lipids in 2.5 % NaCl and 20% NaC1, respectively. The lipid classes consisted mainly of triacylglycerols and fatty acids with smaller proportions of diacylglycerols, sterols and steryl esters. The ionic and other polar lipid classes were those found in other photosynthetic plants (Fig. 3) . Thus the major classes were monogalactosyldiacylglycerols, digalactosyldiacylglycerols, sulphoquinovosyldiac ylglycerols and phosp hatidylglycerols. The diacylglycerotrimethylhomoserine class was unequivocally identified in all extracts through its chromatographic behaviour, its lack of phosphorus and sugar moieties, its positive reaction to Dragendorff reagent and the characteristic absorption bands in its IR spectrum. Relatively small proportions of phosphatidylcholines, phosphatidylethanolamines, phosphatidylinositols and cardiolipins were also detected. Table 3 presents quantitative data of the lipid composition of cells grown in the presence of 2.5 and 20% NaCl. These data show that the proportion of phosphatidylglycerols increased with increasing salinity whereas that of diacylglycerotrimethylhomoserines de- creased. The proportions of the other classes remained unaffected. The patterns of constituent fatty acids of the total lipids varied according to the NaCl concentration (Table 4) . When the salinity was raised from 2.5 to 20% there was an increase in the proportion of the polyunsaturated fatty acid 18 : 3. The results in Table 5 show that various lipid classes had fatty acid patterns known to be typical of such classes (Kates, 1970; Radwan et al., 1979 , 1960) . Moreover the tetraenoic fatty acid fraction in the polar and non-polar lipids subjected to methanolysis was isolated by TLC (Kaufmann et al., 1966) , and by GLC analysis it gave the expected retention time for 16 : 4. The data in Table 5 also demonstrate how the fatty acid patterns of the individual lipid classes responded to increasing salinity. Of special interest is the increase in the level of linolenic acid (1 8 : 3) in the major classes of monogalactosyldiacylglycerols and digalactosyldiacylglycerols. Also the level of 16 : 1 in phosphatidylglycerols increased with increasing NaCl concentration.
DISCUSSION
The systematics of the genus Dunaliella is at present, uncertain (Ginzburg & Ginzburg, 1985) . The classification of isolates according to cell colour and size, and as to whether they are halophilic or halotolerant (Ginzburg & Ginzburg, 1981 ) is still unresolved. Our results and those of others (e.g. Loeblich, 1982; Ben-Amotz et al., 1982; Zmiri et al., 1984) indicate that both the cell colour and size of the same isolate change according to the NaCl concentration. We identified our isolate as Dunaliella salina (Lerche, 1937; Butcher, 1959; Smith, 1969; Loeblich, 1982) .
Our results demonstrate some correlation among halostress-induced changes in the growth rate, pigmentation, chloroplast structure and lipid composition of D. salina. Halostress injures the chloroplast and elevates the carotene to chlorophyll ratio, apparently to combat this injury (Ben-Amotz et al., 1982) . This is reflected in the reduced growth rates. However, the maintenance of actively functioning photosynthetic sites within cells of D. salina appears to be an essential prerequisite for the successful survival of this alga at extreme salinity. This is expected since glycerol, the osmoregulator in this organism (Ben-Amotz & Avron, 1973; Borowitzka & Brown, 1974 ) is produced via photosynthesis (Wegmann, 1971 ; Ben-Amotz & Avron, 1980) . In view of this, it is understandable that the cells still contained intact thylakoids at 20% and 30% NaCl although the chloroplasts were degenerating.
This agrees well with the fact that the major lipid classes in cells exposed to various degrees of halostress were always those characteristic of photosynthetic membranes. In this context, it should be mentioned that chloroplasts of eukaryotes should contain, for full activity, large proportions of galactolipids with high levels of 18 : 3 and phosphatidylglycerols with considerable proportions of 16 : 1 (for reviews see Kates, 1970; Radwan & Mangold, 1976 Quinn & Williams, 1983) . When photosynthetic eukaryotes are maintained in the dark, levels of these lipid classes and fatty acids are reduced (Kates, 1970; Radwan et al., 1979) . It has been suggested (Rosenburg, 1967) that the galactolipids form non-aqueous complexes through interactions of their double bonds with the isoprenoid methyl groups in chlorophylls, carotenes and quinones, thus ensuring a better spacing and the molecular orientation necessary for photosynthetic reactions (see also Quinn & Williams, 1983) . In view of these facts it is expected that chloroplasts of cells grown with 20% NaCl, although less structurally intact than those of cells grown with 2-5 % NaC1, are biochemically better qualified for photosynthetic reactions because their galactolipids are richer in 18 : 3 and their phosphatidylglycerols are richer in 16 : 1 (these classes occur only in the chloroplasts; Kates, 1970) . Our results (Table 2) confirmed this. The higher photosynthetic activity is essential under halostress in order to produce high levels of the osmoregulator, in addition to the cell material needed for the relatively slow growth.
In conclusion, halostress lowers the growth rate of D. salina and injures the chloroplast, but the thylakoids that remain intact become better qualified for photosynthesis.
